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| INTRODUCTION
Exposure to environmental microbes may impact on human health both harmfully and beneficially. Mold and dampness at home have been associated with respiratory symptoms and asthma in adults and children [1] [2] [3] [4] , and microbial exposures are believed to play a key role in these observations. A recent review has concluded on a causal relationship between indoor dampness and mold and asthma exacerbation. 3 On the other hand, contacting certain microbial exposures in early life has been reported to protect from the development of asthma and allergy. 5, 6 Endotoxin as a part of the Gram-negative bacterial cell wall has been shown to protect from developing asthma and atopy in some studies. 7, 8 Richness of different fungal species in house dust [9] [10] [11] as well as certain microbial taxa has shown similar protective associations. 9, 12 The majority of studies on house dust microbiota and asthma and allergy target children and study the development of asthma; characteristics of house dust microbiota and asthma status in adults has been less explored.
European Community Respiratory Health Survey (ECRHS) is a large
European adult population study investigating risk factors of asthma.
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In the follow-up study, ECRHS II, a subsample of the homes, was investigated for visible mold and dampness and mattress dust samples were collected from the occupants' beds. Earlier analyses within the ECRHS have found positive associations between indoor molds and dampness and health outcomes, for example, visible mold with asthma symptoms and bronchial responsiveness, 14 and visible mold and water damage with new asthma cases. 15 These findings are in line with a good body of literature that suggests an adverse effect of exposure to indoor dampness and mold on occupants' respiratory health via biological indoor pollution, but the causal connections and pathophysiological mechanisms are still unclear. 4, 16 As part of the HITEA project (Health effects of indoor pollutants:
Integrating microbial, toxicological and epidemiological approaches), the aim of this study was to provide a detailed description of measurements of microbial exposures in homes of asthmatic and nonasthmatic adults. This is the most extensive asthma case-control study to-date with respect to quantitatively measuring a large repertoire of fungal and bacterial cell wall markers and more specific microbial species and groups in dust using DNA-based and chemical approaches.
| MATERIALS AND METHODS

| Study design
The ECRHS started as a multicenter cross-sectional study to estimate variations in the prevalence of asthma, asthma-like symptoms, airway responsiveness, and allergy and their risk factors in adults living in Europe. 17 A part of the participants was followed up as and examined at ECRHS II, where 22 centers agreed to take part in a detailed assessment of home exposures, including collecting dust samples from mattress. The full protocols of this research are described at webpage http://www.ecrhs.org.
For this current study, a specific population was chosen from ECRHS II participants with frequency matching for center at 14 study centers located in different climatic regions in Europe based on a casecontrol design; 200 asthmatics and 200 center-matched controls were selected. Mattress dust samples from 199 asthmatics and 198 control subjects were analyzed for microbial content, as 3 samples had missing data. The centers, number of participants from each center, and general information of the study subjects are listed in Table 1 .
| Asthma
The selection of subjects with current asthma was based on the following criteria at ECRHS II: positive answers to asthma ever and physician diagnosed asthma, as well as at least 1 positive answer to questions on asthma symptoms ("wheeze" or "chest tightness" or "attacks of breathlessness following activity or at rest" or "asthma attack"
or "current medication" or "woken by attack of shortness of breath") or treatment in the past 12 months. Controls were defined as subjects, with negative answers to all above questions.
| Asthma score
The asthma score was used as semi-quantitative measure. The asthma score was calculated based on report of asthma symptoms in the past 12 months. 18 The ordinal score, ranges from 0 to 5, based on positive answers to questions on wheeze with breathlessness, chest tightness, attacks of shortness of breath at rest, shortness of breath after exercise, and being woken by shortness of breath.
| Atopy
Blood samples were taken during ECRHS II for measurement of serum immunoglobulin E (IgE). Specific IgE to house dust-mite, timothy grass, cat, and Cladosporium, as well as total IgE, were measured using the Pharmacia CAP System (Pharmacia Diagnostics, Uppsala, Sweden).
Atopy was defined as at least 1 specific IgE level > 0.35 kU/L.
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| Bronchial hyper-responsiveness
Bronchial hyper-responsiveness (BHR) was defined as a fall of forced expiratory volume (FEV 1 ) after methacholine inhalation as described previously. 20 Provocation was stopped when FEV 1 had dropped by 20% or after a maximum cumulative dose of 2.0 mg of methacholine. The methacholine challenge was carried out using Mefar MB3
dosimeter (Mefar srl, Bovezzo, Italy). The dose-response "slope"
(transformed log slope) was calculated and considered as an index of responsiveness, 21 where a steep "slope" (low numeric value) is indicative of a high BHR.
| Dust samples
Mattress dust samples were collected during home visits in ECRHS II as described earlier. 
| DNA-extraction
DNA was extracted from the 20 mg dust samples as described earlier 23,24 using bead-beating and GenElute™ Plant genomic DNA miniprep kit (Sigma Aldrich, Saint Louis, MO, USA). Geotrichum candidum (EPA 400) was added to the samples at the beginning of the extraction and used as an internal standard.
| qPCR
To quantitatively measure the concentration of certain microbial groups or species in the dust samples, 9 qPCR assays were run on the T A B L E 1 Characteristics of the study population by cases and controls and numbers of study subjects per study center 
| Cell wall markers of microbes
Two aliquots of about 5 mg of dust were used for the determination 
| Statistical analyses
Statistical analyses were performed using SAS (version 9.2, SAS Institute Inc., Cary, NC, USA) and with the SPSS statistical (22.0.).
Microbial data were categorized into either quartiles or tertiles if there were many values below detection limit: first tertile below detection limit, second below the median of detectable values, and third above the median of detectable values. Additionally, microbial data were presented as interquartile range (IQR) for the analyses with health outcomes. Zero was used for non-detects for all data.
A "total microbial content" variable was built as follows: each single microbial cell wall marker (MuAc, LPS, and ergosterol) was first divided into 5 groups using quintiles as cutoffs.
Quintiles got values 0, 1, 2, 3, and 4 from lowest to highest. Finally, values from all markers were summed to get a score ranging from 0 to 12. These score values were used in statistical analyses as a variable "Sum (MuAC, LPS, Ergosterol)."
For the geographic variation analyses, study subjects were classified into 3 climatic areas: North Europe (N = 115, including subjects from Reykjavik, Göteborg, Umea, Uppsala centres), central Europe (N = 166, including subjects from Hamburg, Erfurt, Grenoble, Ipswich, Norwich, Basel centres), and South Europe (N = 119, including subjects from Barcelona, Galdakao, Albacete, Oviedo centres).
Weighted logistic regression analyses and weighted regression analyses were used to investigate associations between the categorized microbial parameters and health outcomes. Analyses for all health outcomes other than asthma were weighted. Weights were calculated based on the asthma case status and center. Trend test analysis was used to investigate monotonic order of the categorized microbial groups and their associations with health outcomes. The association between the health outcomes and the log-transformed concentrations of microbial markers was assessed using mixed negative binomial regression analysis. To allow for log-transformation of datasets with zero values, we used ln(value+1). All models were adjusted for parental allergy, smoking status, household density, gender, age, and center. Confounders were selected a priori based on previous studies. Correlations between microbial parameters were analyzed using Spearman's rho correlation coefficients. Interactions of microbial markers with geographic area for analyses on asthma were also tested.
| RESULTS
We observed fairly large variations of the different microbial exposures in study centers across Europe (up to 25-fold differences between medians for qPCR markers and up to 4-fold differences for cell wall markers between centers; Table S1 ). There was no clear common geographic trend for North, Central, and South Europe that would apply consistently for all microbial parameters ( Figure 1 ). Prevalence and levels of the individual microbial parameters are presented in Table 2 . Determinations of cell wall components of bacteria (muramic acid, LPS) and fungi (ergosterol) as well as most of the qPCR assays of microbial genera or groups returned values above detection limits for all or most of the samples, while some of the species-specific qPCR assays (Alternaria alternata, A. versicolor, Trichoderma viride/atroviride/koningii) led to high numbers of results below detection limit (65%-88%; Table 2 ).
Correlations between the microbial parameters are presented in Table 3 . Correlations were mostly low, with Spearman correlation coefficients rarely exceeding 0.3. Good correlations were observed between the Cladosporium species C. herbarum and C. cladosporioides.
Significant correlations were observed within a cluster constituted by
C. herbarum, C. cladosporioides, A. alternata, and the bacterial genera
Mycobacterium spp., and Streptomyces spp., with correlation coefficients ranging from 0.32 to 0.72.
| Microbial parameters and asthma, asthma score, and BHR
Considering general cell wall markers of microbial exposure in the whole study population, we observed inverse (protective) associations of the bacterial muramic acid and total microbial content (sum of muramic acid, LPS, and ergosterol) in mattress dust with asthma (Table 4) .
Inverse associations were borderline significant for muramic acid (middle group; trend test P-value .07), and this was consistent with findings for the asthma score (borderline significant, P = .06; Table 5 ),
but not with BHR (Table 4) . Adding other cell wall markers (LPS and T A B L E 2 Descriptive statistics of microbial groups measured by qPCR (cells/ mg dust) and of cell wall markers ergosterol) to the regression model did not change the association of muramic acid with asthma (data not shown). Gram-negative bacterial LPS showed a non-significant inverse association with asthma status (P for trend test .10), but not with asthma symptom score (Table 5) , and a borderline significant inverse association on BHR (trend test P = .06; (Figure 2 , Tables S2-S4 ).
Measurements of more specific fungal and bacterial taxa using qPCR were negatively associated with asthma status for Cladosporium species and Streptomyces spp. in the whole population, whereas
A. versicolor and group of Penicillium/Aspergillus/Paecilomyces variotii tended to positively associated with asthma (Table 4) . Elevated levels of the bacterial genus Mycobacterium were significantly inversely associated with asthma status (middle group; P for trend test .12), but showed a significant positive association with BHR slope and a trend for higher asthma symptom score (Tables 4 and 5 ). Overall, no statistically significant associations were found between the asthma score and microbial genera, species, or groups determined with qPCR (Table 5 ). Analyses by region showed inverse trend for Mycobacterium spp. in southern Europe (Figure 2) , and an inverse association with BHR slope in southern and northern Europe ( Figure   S1 ). Streptomyces spp. was inversely associated with asthma status in northern Europe (Figure 2 ). Analyses of microbial markers versus asthma were also performed adjusted for pet keeping and dampness in homes, but those adjustments did not change our observations (data not shown).
Only 1 interaction between microbial marker and area, muramic acid, reached a P-value below 0.2 (P = .11 unadjusted; P = .17 adjusted for parental allergy, smoking status, household density, sex, age, center, and area; data not shown).
| Microbial parameters and atopy
For atopy, both protective and risk associations with microbial parameters were observed. Significant protective associations in the whole population were mostly seen for the general bacterial cell wall markers muramic acid (trend test P = .02) and LPS (highest category) and C. cladosporioides (trend test P = .04). Risk associations were observed with some fungal exposures and findings were significant for
Trichoderma viride (trend test P = .03). The risk associations of fungal parameters were most pronounced in northern Europe (significant risk for ergosterol and T. viride), and the protective qualities of bacterial cell wall agents and total microbial exposure on atopy were more pronounced in northern and southern Europe (Figure 2 ).
| DISCUSSION
In this case-control study on prevalent asthma within the adult population of ECRHS II, we found inverse associations of higher levels of mainly the bacterial markers in North Europe with asthma status, asthma symptom score, and measured BHR, as well as with atopy.
Overall, significant observations were little consistent between different regions in Europe and between the different outcomes assessed, but the findings were most consistent for muramic acid, and a similar T A B L E 4 Adjusted associations of mattress dust concentrations of microbial markers on asthma, atopy, and weighted bronchial hyperresponsiveness (BHR) slope (negative regression coefficient in BHR slope indicates risk association with the exposure) Adjusted for parental allergy, smoking status, household density, gender, age, and center. Analyses for atopy and BHR slope were weighted. Markers were classified into 4 classes: I = 0-25 percentile, II = 25-50, III = 50-75, IV = 75-100 or into 3 classes, if there were many below detection limit values: I = 0 (below detection limit), II = below median, III = above median. For Cladosporium sphaerospermum, the first class is below detection limit. Associations with P < .05 are in bold. T A B L E 4 (Continued) study did not find associations of muramic acid with atopy. Similarly, muramic acid levels in bed dust, but not floor dust collected in children's homes (at age 7) in the Boston metropolitan area, were inversely associated with current asthma, but not with allergic sensitization. 8 Weber et al 38 reported inverse associations of muramic acid load in floor, but not mattress dust with asthma in school-aged children in a cross-sectional analysis of a German birth cohort.
To our knowledge, there is only 1 comparable study which investigated the associations between microbial exposures measured in the home environment with respiratory disorders in adults. A recent study that had its population also drawn from the ECRHS II cohort reported an association of higher levels of muramic acid in mattress dust with the asthma symptom score, 39 an effect opposite to the current findings. Tischer et al utilized a population of 956 subjects in 22 centers from 10 countries, whereas our current study analyzed 397 study subjects from 14 centers located in 7 countries in an asthma case-control design; the 2 study populations did not overlap as concerns the study participants. The differences between the 2 studies with respect to the participating centers concerned mostly central and southern Europe.
Approximately 5% of the study population used in the earlier analyses had an asthma symptom score of 3 or more and 64% had a score of T A B L E 5 Associations of log-transformed microbial concentrations with asthma score tested using negative binomial regression analysis. Ratios were exponentially back transformed Estimates calculated for an interquartile change. Adjusted for case, parental allergy, smoking status, household density, gender, age, and center.
F I G U R E 2 Associations of microbial markers with asthma and atopy by geographic region (South, Central, North Europe). Adjusted for parental allergy, smoking status, household density, gender, age, and center. aOR's estimated for 1 interquartile change in the microbial marker. For atopy, analyses are weighted zero, whereas in our current study, it was 21% of the study subjects with a score of equal or higher 3 and 50% (the controls) with a score of zero. In the earlier study, condensation on the bedroom windows and wet or damp spots in the home were frequently observed (>20%), and water damage and damp patches increased muramic acid concentrations. In our current study, prevalence of wet or damp spots in the last 12 months was 21%, but we did not observe correlations between dampness indicators and muramic acid levels (data not shown). These marked differences in the 2 study populations may well explain the diverging findings of the associations between muramic acid and the asthma symptom score, in particular given that we observe a dependency of the association by geographic region, with effects being pronounced in the northern European countries. Differences in factors that were adjusted for in respective statistical analyses may have also added to this observation.
A major source of bacteria indoors is known to be human related and this is particularly true when considering mattress dust as a sample material for analyses of indoor microbiota. In our current study, we need to rely on interpreting findings based on muramic acid as a general marker for Gram-positive bacteria without further resolution and ability to reflect animal, human, or vegetation as sources. We can only hypothesize that similar lifestyle factors relating to closer animal contact may explain the findings in our study.
Avoidance behavior due to respiratory health problems or allergy, that is, increased cleanliness and hygiene measures being implemented in homes of asthmatics could provide another explanation for our observations. Cleaning habits have been shown to affect the muramic acid content in mattress dust in a study in the US. 41 A German study, however, found no association between a home cleanliness score and a personal cleanliness score with load or concentration of muramic acid in mattress and floor dust samples, while amounts of dust were indeed reduced by increased cleanliness measures.
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It is well known that exposure to microbes provides immune stimulus or challenge, which probably protects from developing asthma or allergic diseases. 5 This could explain the protective effects of bacterial agents in mattress dust we see in our study. The protective quality of microbial exposure is generally believed to be relevant in early childhood, whereas we were investigating an adult population in this study.
One could speculate that avoidance of animal contact by our asthmatic subjects would explain in the lower home dust Gram-positive bacterial levels. This was not, however, the case; a similar effect of low animal contact also on levels of Gram-negative bacterial LPS would be expected, which at least in the analysis by geographic region was not observed. Also, the fact that adding other general microbial markers (LPS and ergosterol) in the same model with muramic acid did not change the protective associations with asthma status indicates that general cleanliness measures may not be the driving factor underlying the lower muramic acid levels in the homes of the asthmatics. Assumption on lifetime exposure to indoor microbes is difficult or impossible to make based on a cross-sectional study as the current, with exposure and health assessment being performed later in life. In summary, the factors underlying and mechanisms explaining the observed inverse relation between
Gram-positive bacterial levels in mattress dust and asthma and atopy cannot be explained based on our current analyses. These are issues that will remain to be answered in future, longitudinal studies.
The prevalence and levels of the detected microbial parameters varied largely between different study centers and areas across Europe. Tischer et al 39 have observed that latitude has a significant effect on a number of microbial parameters: increasing latitude increased C. herbarum levels and decreased group of Penicillium/ Aspergillus/Paecilomyces variotii and muramic acid levels. Large geographic variation of microbial markers has been reported earlier in a larger sample of the ECRHS II with endotoxin. 44 In our study, the concentration of muramic acid in mattress dust was found to be lowest in northern Europe, where at the same time the protective effect of elevated levels on both respiratory health and atopy was strongest. An earlier ECRHS study detected very low exposures to allergens, molds, and bacteria especially in Reykjavik, where also the allergic sensitizing was lowest. 45 The observations of a protective association of elevated microbial levels, especially in an area of generally lower exposure, are certainly intriguing and should motivate future research efforts.
Exposure to fungal markers increased, mostly non-significantly, the risk of respiratory outcomes and atopy in our study, with the exception of Cladosporium species. The latter, mostly outdoor air-related species, showed a trend toward protective associations at higher lev- to risk association with asthma and/or atopy. These fungal groups are generally known to be associated with indoor dampness, 46 and exposure to these species has been associated previously with asthma. 47, 48 A multitude of studies has shown associations of observed indoor dampness and visible mold with respiratory symptoms. 1, 3, 4, 49 Also in earlier studies of the ECRHS, visible mold or damp patches assessed with questionnaire have been associated with increased prevalence of asthma symptoms, diagnosed asthma, lung function, and BHR. 15, 50 A discrepancy between relationships of observed versus measured molds with respiratory health has been repeatedly acknowledged. 4, 51 In this current study, levels of microbial concentrations were generally low, especially those analyzed with qPCR. The DNA extraction method used in this case-control study involved powerful cleaning steps to overcome issues with PCR inhibitors, which explains the generally low levels reported based on the qPCR analyses. The DNA extraction procedures have been upgraded and changed in the analyzing laboratory, which is confirmed by the generally higher levels of some of the same qPCR markers in a recently reported study within the ECRHS II cohort. 39 However, our analyses included the use of internal standard, both in the DNA-based qPCRs as well as in the chemical analytical analyses of cell wall agents, taking into account inhibition and analyte losses during the laboratory process. Thus, while the absolute, microbial levels determined in this study might not be well comparable to other, more recent studies that used improved DNA extraction approaches, the results are robust within the current study and comparable between subjects. Especially fungal material was present in rather small amounts in mattress dust, which is supported by the finding that ergosterol, which is a general fungal marker and integral part of the fungal cell wall, was below detection limit in 12% of the samples.
In conclusion, this is a large cross-sectional asthma case-control study among adults across Europe that highlights the potential protec- 
